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METHOD FOR THE
REDUNDANCY-OPTIMIZED PLANNING OF
THE OPERATION OF A MOBILE ROBOT

CROSS-REFERENC.

L1l

This application 1s a national phase application under 335
U.S.C. § 371 of International Patent Application No. PCT/

EP2016/062918, filed Jun. 7, 2016 (pending), which claims
the benefit of German Patent Application No. DE 10 20135
211 865.7 filed Jun. 235, 2015, the disclosures of which are

incorporated by reference herein 1n their entirety.

TECHNICAL FIELD

The invention relates to a method for the redundancy-
optimized planming of the operation of a mobile robot.

BACKGROUND

U.S. Pat. No. 5,550,953 discloses a mobile robot and a

method for operating the mobile robot. The mobile robot
comprises a robot arm with several members, which are
movable relative to each other, and a carrier vehicle to which
the robot arm 1s fastened.

SUMMARY

The object of the mvention 1s to provide an improved

method for planning the movement of a mobile robot. The
object of the invention 1s achieved by a method for redun-
dancy optimized planning of an operation of a redundant
mobile robot, which 1s connected to a mobile carrier vehicle,
a robot arm with several members connected via joints,
pivotable mounting with respect to axes of rotation, drives
for moving the members relative to each other, and an
clectronic control device which 1s arranged to control the
drives for the members and the carrier vehicle for the
movement of the mobile robot, comprising the following
method steps:

Use of a tool center point that 1s assigned to the robot arm,
assigned Cartesian TCP coordinate system with a first TCP
coordinate axis, a second TCP coordinate axis and a third
TCP coordinate axis,

Using a Cartesian world coordinate system having a first
world coordinate axis, a second world coordinate axis and a
third world coordinate axis, whereby the first world coor-
dinate axis and the second world coordinate axis span a
plane, on which the mobile robot moves, a height of the tool
center point from the plane of the third world axis 1is
assigned, and one of the TCP coordinate axes and the plane
enclose an angle,

Creating at least one graph i which a redundancy 1s
presented as a function of the height and the angle, whereby
the redundancy 1s a measure of possible configurations of
the mobile robot depending on the height and angle, and

Planning an operation of the mobile robot with the help of
the least one graph.

The mobile robot 1s a redundant mobile robot, for which
there are generally several possible configurations of the
mobile robot for the respective positions and orientations of
the tool center point in space. The configuration of the
mobile robot entails that for the respective positions and
orientations ol the tool center points there are several
possible positions and orientations of the robot arm and
several possible positions of the carrier vehicle 1n the plane.
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The positions of the robot arm arise from the angular
positions of the individual members relative to each other.
There are thus generally redundant configurations of the
mobile robot for the individual positions and orientations of
the tool center point in space. The positions and orientations
can be expressed, for example, 1n the world coordinate
system. The orientation of the tool center point can also be
expressed 1n coordinates of the TCP coordinate system.

According to a preferred implementation of the invention,
the robot arm comprises exactly five degrees of freedom and
thus has as members a first member, a second member, a
third member, a fourth member, a fifth member and a sixth
member, and as axes of rotation a first axis of rotation, a
second axis of rotation, a third axis of rotation, a fourth
rotation axis of rotation and a fifth axis of rotation. In this
case, the mobile robot has 1n particular eight degrees of
freedom because the carrier vehicle comprises three degrees
ol freedom.

Preferably, the first axis of rotation, the second axis of
rotation and the fourth axis of rotation are horizontal, and the
fifth axis of rotation 1s vertical. In particular, the second
member 1s pivotable relative to the first member with respect
to the first axis of rotation, the second member 1s followed
by the third member, the third member 1s pivotable relative
to the second member with respect to the second axis of
rotation, the fourth member 1s pivotable relative to the third
member with respect to the third axis of rotation, which 1s
perpendicular to the second axis of rotation, and 1t comprises
a Tastening device for fastening a tool or the tool, the sixth
member 1s mounted immovably on the carrier vehicle or
represents the carrier vehicle, the fifth member 1s pivotable
relative to the sixth member with respect to the fifth axis of
rotation, and the first member 1s pivotable relative to the fifth
member with respect to the fourth axis of rotation. Prefer-
ably, the third TCP coordinate axis extends in the direction
of the third axis of rotation and encloses an angle with the
plane.

The robot arm can also have four degrees of freedom.
Then, the robot arm comprises a first member, a second
member, a third member, a fourth member, and a fifth
member, and as axes of rotation, a first axis of rotation, a
second axis of rotation, a third axis of rotation and a fourth
axis ol rotation. In particular, the first rotation axis, the
second axis of rotation and the fourth axis of rotation are
horizontal. In particular, the second member 1s pivotable
relative to the first member with respect to the first axis of
rotation, the second member 1s followed by the third mem-
ber, the third member 1s pivotable relative to the second
member with respect to the second axis of rotation, the
fourth member 1s pivotable relative to the third member with
respect to the third axis of rotation, which 1s perpendicular
to the second axis of rotation, and 1t comprises a fastening
device for fastening a tool or the tool, the fifth member 1s
mounted immovably on the carrier vehicle or represents the
carrier vehicle. Preferably, the third TCP coordinate axis
extends 1n the direction of the third axis of rotation and
forms an angle with the plane.

The mobile carrier vehicle preferably comprises wheels
and drives for driving the wheels. Preferably an electronic
control device has been set up to control the drives for the
wheels to move the carrier vehicle.

The carrier vehicle may also comprise legs or be imple-
mented as a magnetic levitation transport vehicle.

The carnier vehicle 1s preferably implemented as an
omni-directionally movable carrier vehicle (holonomic plat-
form). Preferably therefore, the wheels of the carrier vehicle
are implemented as ommnidirectional wheels. An example of
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an omnidirectional wheel 1s known to professionals as the
Mecanum wheel. Due to the omnidirectional wheels, the
mobile robot or 1ts carrier vehicle according to the invention,
can move freely 1n space. Thus the carrier vehicle can not
only move forward, backward or sideways or along curves,
but it can for example also rotate around a vertically oriented
axis.

According to the invention, at least one graph 1s used, 1n
which the redundancy 1s presented as a function of the height
and the angle, whereby the redundancy i1s a measure for
possible configurations of the mobile robot depending on the
height and the angle. This makes 1t possible to relatively
casily visualize the possible configurations of the mobile
robot inter alia for the height of the tool center point, thereby
simplifying the planning of the operation of the mobile
robot.

The at least one graph, for example, 1s a first graph,
whereby the height, the angle and the redundancy form a
three dimensional cartesian coordinate system 1n which the
redundancy 1s depicted as a function of the height and angle
as the first graph. This results 1n a graphic mountain range,
in which 1t 1s possible to quite easily read the different
heights of the tool center point and the angle.

Preferably, the redundancy in the first graph 1s marked
differently in color or grayscales.

According to a preferred implementation of the method
according to the invention, the at least one graph 1s a second
graph, 1n which the height 1s depicted as a function of the
angle, and the redundancy in the second graph 1s marked
differently, 1n particular with a different color or by means of
grayscales, to represent the redundancy as a function of the
height and angle. The second graph i1s a two-dimensional
graph 1n which preferably the height and the angle are
plotted along corresponding coordinate axes, which are
orthogonal.

The second graph shows in particular the height as a
function of the angle. To wvisualize the redundancy, the
second graph 1s marked differently, for example by using
different colors or different grayscales to visualize the redun-
dancy. The second graph 1s 1n particular a plan view of the
first graph. In the second graph it 1s relatively easy to
determine possible (Z; p) pairs or (Z; ) pairs with relatively
high redundancy.

The method according to the invention may include the
following additional method steps:

Planning a trajectory of a track in six-dimensional space,
along which the tool center point 1s to move automatically,

Transforming the trajectory of the planned path i a
two-dimensional subspace, whereby the trajectory of a
transformed path 1s created, whereby the subspace repre-
sents the planned position and orientation of the tool center
point in height and angle,

Overlaying the trajectory of the transformed planned path
with the second graph, and

on the basis of the superimposed trajectory of the trans-
formed track with the second graph, determining whether
the planned trajectory can be followed by the mobile robot.

Planning within the six-dimensional space 1s carried out
in particular 1n coordinates of the world coordinate system
(world coordinates) and possibly also in the TCP coordinate
system.

If the planned trajectory cannot be followed by the mobile
robot, the following method steps can be performed:

Change the trajectory of the transformed planned path
within the superimposed second graph, so that a revised
trajectory of the transformed planned path 1s created, which
the mobile robot can follow, and
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Create a revised planned trajectory in six-dimensional
space, based on the revised trajectory of the transformed
planned path.

The method according to the invention may include the
following additional method steps:

Defining a height for the tool center point

With the aid of the first graph and/or the second graph,
determining possible values of the angle,

Determining the value of the angle, to which the highest
redundancy 1s assigned, and

Using the determined value of the angle for planning the
movement of the mobile robot.

Alternatively, the method according to the invention may
comprise method steps:

Determining an angle,

With the aid of the first graph and/or the second graph,
determining possible values of the height,

Determining the value of the height, to which the highest
redundancy 1s assigned, and

Using the determined value of the height for planning the
movement of the mobile robot.

When determining the value of the angle or the height, to
which the highest redundancy 1s assigned, 1t 1s possible to
consider at least one further constraint, such as avoiding
collisions of the mobile robot with an object or a safety
distance of the mobile robot to an object.

By means of the at least one graph, 1t 1s also possible to
plan the following task for the mobile robot: The mobile
robot 1s to use a tool implemented as a gripper to grip a
workpiece and place 1t 1n another position. By means of at
least one graph 1t 1s possible to determine favorable posi-
tions for this task.

BRIEF DESCRIPTION OF THE DRAWINGS

Implementation examples of the invention are shown 1n
the attached schematic drawings.

FIG. 1 depicts a mobile robot, which comprises a carrier
vehicle and a robot arm athxed to the carrier vehicle,

FIG. 2 depicts a world coordinate system and a TCP
coordinate system

FIGS. 3, 4 depict respectively one graph,

FIGS. 5, 6 depict an illustration for checking the trajec-
tory of a planned path,

FIG. 7 depicts an illustration for revising the trajectory of
a planned path, and

FIG. 8 depicts an 1llustration for planning a configuration
for the mobile robot.

DETAILED DESCRIPTION

FIG. 1 shows a mobile robot 1, which 1n the case of the
present embodiment example exhibits an omnidirectional
mobile carrier vehicle 2. This example comprises a vehicle
base frame 3 and several wheels 4 pivotably arranged on the
vehicle base frame 3, which are implemented as omnidirec-
tional wheels. In the case of the present implementation
example, the carrier vehicle 2 exhibits four omnidirectional
wheels 4. Preferably all wheels 4 are driven by one drive
cach. The drives, not shown 1n detail here, are preferably
clectric drives, 1n particular controlled electric drives, and
are connected to a control device 5 which can, for example,
be arranged 1n or on the vehicle base frame 3, whereby the
control device 1s set up to control the drives so that these can
move the wheels.

An example of an ommnidirectional wheel 1s the so-called
Mecanum wheel. In the present implementation example,



US 10,828,777 B2

S

cach of the wheels 4 implemented as omnidirectional or
Mecanum wheels exhibits two rigidly interconnected wheel
discs, between which several rolling elements are pivotably
mounted with respect to their longitudinal axes. The two
wheel discs can be pivotably mounted with respect to a
rotational axis, and can be driven by one of the drives of the
carrier vehicle 2 1n such a way that the two wheel discs rotate
with respect to the axis of rotation.

The ommnidirectional wheels 4 allow the mobile robot 1 or

its carrier vehicle 2 to move freely on a plane or a ground,
which 1s not shown 1n detail. Thus the carrier vehicle 2 can
not only move forward, backward or sideways or along
curves, but 1t can for example also rotate around an arbitrary
vertically oriented axis.

The mobile robot 1 comprises a robot arm 6, which 1s
implemented as serial kinematics and has several members
arranged one after the other, which are connected to joints,
so that the individual members are, with respect to the axes
ol rotation, mounted pivotably relative to each other.

In the case of the present implementation, the robot arm
6 has five degrees of freedom and comprises a first member
11, a second member 12, a third member 13, a fourth
member 14, a fifth member 15 and a sixth member 16 and
a first axis of rotation 21, a second axis of rotation 22, a third
axis of rotation 23, a fourth axis of rotation 24 and a fifth
axis of rotation 25.

In the case of the present implementation example, the
first axis of rotation 21 and the second axis of rotation 22 are
horizontal. The second member 12 1s 1n particular a boom
and 1s, relative to the first member 11, pivotably mounted
with respect to the first axis of rotation 21.

The second member 12 1s followed by the third member
13. The third member 13 is, relative to the second member
12, pivotably mounted with respect to the second axis of
rotation 22.

In the case of the present embodiment example, the fourth
member 14 1s, relative to the third member 13, pivotably
mounted with respect to the third axis of rotation 23. The
third axis of rotation 23 1s perpendicular to the second axis
of rotation 22. The fourth member 14 may comprise a fixing
device for fixing a tool 7. However, 1n the case of the present
implementation example, the tool 7 1s part of the fourth
member 14. The fourth member 14 1s one of the ends of the
robot arm 6.

It 15 also possible that the robot arm 6 does not include the
fourth member 14, and that the third member 13 comprises
the fasteming device or the tool 7. In this case, the third
member 13 serves as one of the ends of the robot arm 6.

The first member 11, which is 1n particular a rocker of the
robot arm 6, 1s arranged preceding the fifth member 15. The
first member 11 1s, relative to the fifth member 15, mounted
pivotably relative to the fourth axis of rotation 24. The fourth
axis of rotation 1s horizontal.

The sixth member 16 1s 1n particular a rack of the robot
arm 6, with which the robot arm 7 1s fastened to the vehicle
frame 3. The rack forms one of the ends of the robot arm 6.
However, 1t 1s also possible that the carrier vehicle 2 forms
the rack, 1.e. the sixth member 16.

The fifth member 15 1s 1n particular a carousel, which,
relative to the rack, 1s pivotably mounted around the fifth
axis of rotation 235. The fifth axis of rotation 1s vertical.

In the case of the present embodiment example, the carrier
vehicle 2 1s ommidirectionally movable, which 1s why the
carrier vehicle 2 can also rotate around the fifth axis of
rotation 25. It may also be provided that the first member 11
directly follows the rack, 1.e. that 1t 1s, relative to the rack,
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pivotably mounted with respect to the fourth axis of rotation
24. In this case, the robot arm 7 does not comprise a
carousel.

The mobile robot 1 further comprises drives connected to
the control device 5. In the case of the present implemen-
tation example, the drives are electric drives, 1n particular
controlled electric drives. At least the motors of these
clectric drives are arranged 1n or on the robot arm 6.

When the robot 1 1s 1n operation, 1t 1s provided that the
control device 5 controls the drives of the mobile robot 1, 1.e.
the drives for moving the members of the robot arm 6 and
the drives for moving the wheels 4 1n such a way that a
so-called tool center point 8 assigned to the robot arm 8
takes a predetermined nominal position where necessary
also a nominal orientation in space or rather the tool center
point 8 moves automatically on a predetermined path.

In the case of the present implementation, the robot arm
6 has five degrees of freedom. The entire mobile robot 1 thus
comprises eight degrees of freedom because the carrier
vehicle 2 comprises three degrees of freedom.

The position of the tool 7 or the tool center point 8 can be
determined 1n coordinates of a world coordinate systems K ;-
shown 1n FIG. 2. The world coordinate system K, Kw 1s a
cartesian coordinate system with the world coordinate axes
X, Y 5, Wo-and an origin U ;.. The world coordinate system
K ;- 1s stationary.

In the case of the present embodiment, the world coor-
dinate system K, 1s defined such that its world coordinates
X -and Y 5 span open a plane E ,-on which the mobile robot
1 moves. The coordinate of the Z,,, world coordinate axis
thus yields the height Z of the tool center point 8 of the plane
E .. on which the mobile robot 1 moves.

The onentation of the tool center point 8 can be deter-
mined by angular coordinates of the world coordinate sys-
tem K.

Assigned to the tool 7 or rather the tool center point 8,
FIG. 2 also shows a TCP coordinate system K., whose
origin 1s 1n the tool center point 8. The TCP coordinate
system K -5 15 a cartesian coordinate system with the TCP
coordinate axes X, n, Y 7rps Ligep 1he Z,»-TCP coordi-
nate axis 1s perpendicular to the second axis of rotation 22
or rather extends in the direction of the third axis of rotation
23, basically “in the impact direction” of tool 7.

Using the TCP coordinate system K -5, 1t 1s also possible
to determine the orientation of the tool center point 8 with
respect to the world coordinate system K ;.

In the case of the present implementation example, the
TCP coordinate axes 7Z.,~» and the plane E.,- enclose an
angle f.

In the case of the present implementation example, for
example, an automatic movement of the tool 7 or the tool
center points 8 along the height Z at a fixed position 1n the
plane E .- determined by the X ;- and Y ;- world coordinate
axes of the world coordinate system K, 1s to be planned,
preferable ofiline. The height Z corresponds to the Z ;- world
coordinate of the world coordinate system K.

In the case of the present implementation example, for
this plan, the positions and orientations of the tool center
points 8 with respect to the world coordinate system K ;- are
transformed 1nto a two-dimensional subspace, whose coor-
dinates are the height Z of the tool center point 8 and the
angle p.

As already mentioned, the mobile robot has eight degrees
of freedom. The mobile robot 1 1s a redundant mobile robot,
for which there are generally several possible configurations
of the mobile robot 1 for the respective positions and
orientations of the tool center point 1n space, 1.e. several
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possible positions of the robot arm 6 and several possible
positions and orientations of the carrier vehicle 2 within the
plane E.,. The positions of the robot arm 6 arise from the
angular positions of the individual members relative to each
other.

It 1s thus possible to assign to the individual orientations
and positions of the tool center point 8 1n space a measure
for the possible configurations of the mobile robot 1,
depending on the height 7 and the angle {3. In the following
this 1s referred to as redundancy P. A redundancy P can thus
be respectively assigned to certain pairs (Z; [3).

In the case of the present implementation example, the
operation of the mobile robot 1 1s planned with the aid of at
least one graph, in which the redundancy P 1s represented as
a function of the height Z and the angle 3.

FIG. 3 shows how the height Z, the angle 3 and the
redundancy P can in particular form a three-dimensional
coordinate system 30, in which, 1n a first graph G1, the
redundancy P 1s shown as a function of the height Z and the
angle [3. The first graph G1 1s a three-dimensional graph. The
greater the value of the redundancy P, the greater 1s the
number of possible configurations of the mobile robot 1, in
which the tool center point 8 can assume a certain height Z
with a certain angle (3. The height Z may, for example, be
entered as a normalized value, for which 7Z=1.0 1s the
maximum height which the tool center point 8 can reach due
to the geometric extension of the mobile robot 1.

To 1llustrate the first graph G1 even more, the latter can be
color-marked, whereby (Z; [3) pairs with a higher redun-
dancy P are color-marked differently from (Z; ) pairs with
lower redundancy P. (Z; p) pairs for which there are no
possible configurations because of the the spatial extension
of the robot 1, can be marked 1n another color.

The height 7, the angle p and the redundancy P can be
illustrated as a two-dimensional graph (second graph G2) as
shown in FIG. 4. The second graph G2 shows the height 7
as a Tunction of the angle p. To visualize the redundancy P,
the second graph G2 1s marked differently, for example by
using different colors or different grayscales to visualize the
redundancy P.

The second graph G2 1s 1n particular a plan view of the
first graph G1. In the second graph G2 it 1s relatively easy
to determine possible (Z; 3) pairs or (Z; p) pairs with
relatively high redundancy P.

The second graph G2 comprises, for example, first areas
41, to which (Z; () pairs are assigned, for which no
configurations of the mobile robot 1 are possible, second
areas 42, to which (Z; 3) pairs are assigned, for which
configuration of the mobile robot 1 with relatively low
redundancy P are possible, and third areas 43, to which (Z;
3) pairs are assigned, for which configurations of the mobile
robot 1 with relatively high redundancy P are possible.

FIGS. 5 and 6 illustrate how, based on the second graph
(G2, it can be checked whether the trajectory of a planned
path for the tool center point 8 can be performed with the
mobile robot 1.

First, the trajectory 51 of a path 1s planned i six-
dimensional space, along which the tool center point 8 1s to
move automatically. The trajectory 51 of the path 1 six-
dimensional space 1s planned, for example, 1n world coor-
dinates or in world and TCP coordinates, and comprises
information about the course of the position and ornentation
of the tool center point 8 1n space.

Next, the trajectory 31 of the planned path 1s transtormed
into the two-dimensional subspace by means of a transior-
mation 52, whereby a transformed path 1s created, whose
trajectory 33 can be represented graphically.
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Next, the graphic trajectory 53 of the transtormed planned
path 1s superimposed on the second graph G2.

If the trajectory 51 of the planned path can be followed by
the mobile robot 1, then the trajectory 53 of the transformed
planned path 1s located within areas of the second graph G2,
to which (Z; p) pairs are assigned, for which a configuration
of the mobile robot 1 1s possible. Such a case 1s shown 1n
FIG. 5.

I1 the trajectory 51 of the planned path cannot be followed
by the mobile robot 1, then the trajectory 33 of the trans-
formed planned path 1s at least partly located within areas of
the second graph G2, to which (Z; 3) pairs are assigned, for
which a configuration of the mobile robot 1 1s 1mpossible.
Such a case 1s shown 1 FIG. 6.

If the trajectory 51 of the planned path cannot be followed
by the mobile robot 1, then the trajectory 53 of the trans-
formed planned path can be altered, so that a revised
trajectory 73 of the transformed path 1s created, which can
be followed by robot 1. This 1s illustrated in FIG. 7. The
revised trajectory 53 of the transformed planned path 1s
changed 1n the superimposed second graph G2, 1n order to
be able to directly determine whether the revised trajectory
73 of the transtormed planned path can be followed with the
mobile robot 1. The trajectory of the transformed path can be
changed, for example, by means of a cursor.

Next, the revised trajectory 73 of the transformed planned
path 1s, by means of an mverse retransformation 72, trans-
formed from the two-dimensional subspace back to the
s1x-dimensional space, whereby a modified planned path 1s
created, whose trajectory 1s marked by reference symbol 71
shown 1n FIG. 7 (revised trajectory 71 of the planned path).
The mobile robot 1 can be correspondingly programmed on
the basis of the revised planned path.

FIG. 8 1llustrates an example of a configuration plan of the
mobile robot 1, where the tool center point 8 1s to assume a
predetermined height 7. Due to the redundancy P, multiple
angles 13 arise for this height Z. FIG. 8 shows the mobile
robot 1 for three configurations of the mobile robot 1, in
which the tool center point 8 assumes the same height Z, but
with respectively diflerent angles 3.

In the example shown i FIG. 8, the carrier vehicle 2
assumes the same position and onentation for two configu-
rations of the mobile robot 1, the angle settings of the
members of the robot arm 6 differ relatively to each other.
For these two configurations of the mobile robot 1, the
carrier vehicle 2 1s represented by solid lines and the robot
arm 6 for a first configuration of the mobile robot 1 1s also
represented by a solid line, and for a second configuration of
the mobile robot 1 by a dashed line.

The mobile robot 1 1s represented by a dotted-dashed line
for the third configuration of the mobile robot 1.

A value of 31 1s obtamned for the angle 3 for the first
configuration of the mobile robot 1, a value of 32 1s obtained
for the angle 3 for the second configuration of the mobile
robot 1, and a value of 3 1s obtained for the angle {3 for the
third configuration of the mobile robot 1. In FIG. 4, these
values (1, 2, B3 are also shown 1n the first graph G1 and
the second graph G2, so that one person can read the
corresponding redundancies P for each of the angles 3.

At a given height 7 for gripping a workpiece with a tool
7 designed as a gripping device, there are several angles 3
for this grnipper position. Due to the redundancy of the
mobile robot 1, there are more favorable and less tavorable
configurations of the mobile robot 1, to which an angle f3 1s
assigned. By means of graphs G1 and G2 1t 1s possible to
compare different values of the angle p for the predeter-
mined height Z with reference to the redundancy P.
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With the help of graphs G1 and/or G2 1t 1s thus possible
to perform the following method:

First, height Z of the tool center point 1s 8 1s determined.

Next, the first graph G1 and/or the second graph G2 are
used to determine possible values p1, 2, 3 of angle . This
can also be done in an automated process.

Next, that value of 1, p2, 33 of angle p 1s determined, to
which the highest redundancy P has been assigned. Thus a
pair (Z; p) 1s obtained, which 1s used for planning the
movement of the mobile robot 1.

Alternatively, it 1s also possible to predetermine an angle
3, 1 order to determine for this angle 5 the height to which
the highest redundancy has been assigned. Thus a pair (Z; [3)
1s obtained, which 1s used for planning the movement of the
mobile robot 1.

Using graphs G1 and G2 1t 1s also possible to plan the
following task for the mobile robot 1: The mobile robot 1 1s
to use a tool 7 embodied as a gripper to grip a workpiece and
place 1t 1n another position. Graphs G1 and/or G2 can be
used to determine favorable positions for this task.

While the present invention has been illustrated by a
description of various embodiments, and while these
embodiments have been described 1n considerable detail, it
1s not intended to restrict or 1n any way limit the scope of the
appended claims to such detail. The various features shown
and described herein may be used alone or 1n any combi-
nation. Additional advantages and modifications will readily
appear to those skilled in the art. The invention 1n 1ts broader
aspects 1s therefore not limited to the specific details, rep-
resentative apparatus and method, and illustrative example
shown and described. Accordingly, departures may be made
from such details without departing from the spirit and scope
of the general inventive concept.

What 1s claimed 1s:

1. A method for the redundancy-optimized planning of the
operation of a redundant mobile robot, the mobile robot
comprising a mobile carrier vehicle, a robot arm with a
plurality of links connected by joints that pivotally mount
the links with respect to axes of rotation, drives for moving,
the links relative to each other, and an electronic control
device which 1s configured to control the drives for the links
and the carrier vehicle for the movement of the mobile robot,
the method comprising:

assigning a tool center point (TCP) of the robot arm to a

TCP coordinate system having a first TCP-coordinate
axis, a second TCP coordinate axis, and a third TCP
coordinate axis;

identifying a Cartesian world coordinate system with a

first world coordinate axis, a second world coordinate
axis, and a third world coordinate axis;

wherein the first world coordinate axis and the second

world coordinate axis span a plane on which the mobile
robot moves, a height of the tool center point from the
plane 1s defined along the third world coordinate axis,
and the orientation of the tool center point 1s defined by
an angle between the plane and one of the TCP coor-
dinate axes;

creating at least one graph 1n which a redundancy of the

robot 1s presented as a function of the height and the
angle, wherein the redundancy 1s a measure of possible
configurations of the mobile robot depending on the
height and the angle;

planning an operation of the mobile robot with the help of

the at least one graph;

wherein the at least one graph 1s a second graph 1n which

the height 1s presented as a function of the angle, and
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the redundancy in the second graph 1s differently
marked to present the redundancy as a function of the
height and the angle;
planning a trajectory of a path in six-dimensional space
along which the tool center point 1s to move automati-
cally;
transforming the trajectory of the planned path in a
two-dimensional subspace, whereby the trajectory of a
transformed path i1s created, whereby the subspace
represents the planned position and orientation of the
tool center point in terms of the height and the angle;
overlaying the trajectory of the transformed planned path
with the second graph; and
on the basis of the superimposed trajectory of the trans-
formed path with the second graph, determining
whether the planned trajectory can be followed by the
mobile robot.
2. The method of claim 1, wherein:
the robot arm has five degrees of freedom and 1ncludes a
first link, a second link, a third link, a fourth link, a fifth
link, and includes a sixth link, and as axes of rotation
a first axis of rotation, a second axis of rotation, a third
axi1s of rotation, a fourth axis of rotation, and a fifth axis
of rotation;
the first axis of rotation, the second axis of rotation, and
the fourth axis of rotation are horizontal, and the fifth
axis of rotation 1s vertical;
the second link 1s pivotably mounted relative to the first
link with respect to the first axis of rotation;
the second link 1s followed by the third link;
the third link 1s pivotably mounted relative to the second
link with respect to the second axis of rotation;
the fourth link 1s pivotably mounted relative to the third
link with respect to the third axis of rotation, which 1s
perpendicular to the second axis of rotation;
the fourth link comprises a tool or a fasteming device for
fastening a tool;
the sixth link 1s immovably attached to the carrier vehicle
or represents the carrier vehicle;
the fifth link 1s pivotably mounted relative to the sixth link
with respect to the fifth axis of rotation;
the first link 1s pivotably mounted relative to the fifth link
with respect to the fourth axis of rotation; and
the third TCP coordinate axis runs 1n the direction of the
third axis of rotation and encloses the angle made with
the plane.
3. The method of claim 1, wherein:
the robot arm has four degrees of freedom and includes a
first link, a second link, a third link, a fourth link, and
a fifth link, and includes a first axis of rotation, a second
axis of rotation, a third axis of rotation, and a fourth
axis of rotation:
the first axis of rotation, the second axis of rotation, and
the fourth axis of rotation are horizontal;
the second link 1s pivotably mounted relative to the first
link with respect to the first axis of rotation;
the second link 1s followed by the third link;
the third link 1s pivotably mounted relative to the
second link with respect to the second axis of rota-
tion;
the fourth link 1s pivotably mounted relative to the third
link with respect to the third axis of rotation, which
1s perpendicular to the second axis of rotation;
the fourth link comprises a tool or a fastening device for
fastening a tool;
the fifth link 1s 1mmovably attached to the carrier
vehicle or represents the carrier vehicle; and
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the third TCP coordinate axis runs in the direction of
the third axis of rotation and encloses the angle made
with the plane.
4. The method of claim 1, wherein at least one of:
the carrier vehicle comprises wheels and drives for driv-
ing the wheels and the electronic device 1s configured
to control the drives to move the carrier vehicle; or

the carrier vehicle 1s embodied as an omnidirectionally
movable carrier vehicle.

5. The method of claim 1, wherein the at least one graph
1s a first graph, whereby the height, the angle, and the
redundancy form a three-dimensional Cartesian coordinate
system such that the redundancy 1s mapped out as a function
of the height and the angle of the first graph.

6. The method of claim 5, wherein the redundancy 1n the
first graph 1s marked with different colors or 1n grayscales.

7. The method of claim 1, wherein the at least one graph
1s a second graph in which the height i1s presented as a
function of the angle, and the redundancy in the second
graph 1s diflerently marked to present the redundancy as a
tfunction of the height and the angle.

8. The method of claim 7, wherein the differently marked
graph comprises colors or grayscales.

9. The method of claim 1, further comprising;:

altering the trajectory of the transformed planned path

within the overlayed second graph when the planned
path cannot be followed by the mobile robot 1, such
that a revised trajectory of the transformed planned
path 1s formed which can be followed by the mobile
robot; and

creating a revised planned trajectory in six-dimensional

space based on the revised trajectory of the transformed
planned path.

10. The method of claim 1, wherein:

the tool 1s a gripper with which the mobile robot grips a

workpiece and places the workpiece 1n a diflerent
position; and

the at least one graph 1s used to determine favorable

positions for placing the workpiece 1n a different posi-
tion.

11. A method for the redundancy-optimized planning of
the operation of a redundant mobile robot, the mobile robot
comprising a mobile carrier vehicle, a robot arm with a
plurality of links connected by joints that pivotally mount
the links with respect to axes of rotation, drives for moving,
the links relative to each other, and an electronic control
device which 1s configured to control the drives for the links
and the carrier vehicle for the movement of the mobile robot,
the method comprising:

assigning a tool center point (T'CP) of the robot arm to a

TCP coordinate system having a first TCP-coordinate
axis, a second TCP coordinate axis, and a third TCP
coordinate axis:

identifying a Cartesian world coordinate system with a

first world coordinate axis, a second world coordinate
axis, and a third world coordinate axis;

wherein the first world coordinate axis and the second

world coordinate axis span a plane on which the mobile
robot moves, a height of the tool center point from the
plane 1s defined along the third world coordinate axis,
and the orientation of the tool center point 1s defined by
an angle between the plane and one of the TCP coor-
dinate axes;

creating at least one graph 1n which a redundancy of the

robot 1s presented as a function of the height and the
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angle, wherein the redundancy 1s a measure of possible
configurations of the mobile robot depending on the
height and the angle;

planning an operation of the mobile robot with the help of

the at least one graph;

wherein the at least one graph 1s a first graph, whereby the

height, the angle, and the redundancy form a three-
dimensional Cartesian coordinate system such that the
redundancy 1s mapped out as a function of the height
and the angle of the first graph;

selecting a height for the tool center point;

determiming possible values of the angle with the help of

at least one of the first graph or a second graph 1n which
the height 1s presented as a function of the angle, and
the redundancy in the second graph 1s differently
marked to present the redundancy as a function of the
height and the angle;

determining the value of the angle to which the highest

redundancy 1s assigned; and

using the determined value of the angle for planning the

movement of the mobile robot.

12. A method for the redundancy-optimized planning of
the operation of a redundant mobile robot, the mobile robot
comprising a mobile carrier vehicle, a robot arm with a
plurality of links connected by joints that pivotally mount
the links with respect to axes of rotation, drives for moving
the links relative to each other, and an electronic control
device which 1s configured to control the drives for the links
and the carrier vehicle for the movement of the mobile robot,
the method comprising:

assigning a tool center point (T'CP) of the robot arm to a

TCP coordinate system having a first TCP-coordinate
ax1s, a second TCP coordinate axis, and a third TCP
coordinate axis;

identifying a Cartesian world coordinate system with a

first world coordinate axis, a second world coordinate
axis, and a third world coordinate axis;

wherein the first world coordinate axis and the second

world coordinate axis span a plane on which the mobile
robot moves, a height of the tool center point from the
plane 1s defined along the third world coordinate axis,
and the orientation of the tool center point 1s defined by
an angle between the plane and one of the TCP coor-
dinate axes:

creating at least one graph in which a redundancy of the

robot 1s presented as a function of the height and the
angle, wherein the redundancy 1s a measure of possible
configurations of the mobile robot depending on the
height and the angle;

planning an operation of the mobile robot with the help of

the at least one graph;

wherein the at least one graph 1s a first graph, whereby the

height, the angle, and the redundancy form a three-
dimensional Cartesian coordinate system such that the
redundancy 1s mapped out as a function of the height
and the angle of the first graph;

selecting the angle;

determining possible values of the height with the help of

at least one of the first graph or a second graph 1n which
the height 1s presented as a function of the angle, and
the redundancy 1n the second graph i1s differently
marked to present the redundancy as a function of the
height and the angle;

determining the value of the height to which the highest

redundancy 1s assigned; and
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using the determined value of the height for planning the
movement of the mobile robot.
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